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P
articles reinforced magnesium matrix composites 
present features of isotropic mechanical properties, 
simple preparation process and inexpensive reinforcement, 
compared with continuous fibers reinforced magnesium 
matrix composites and discontinuous fibers reinforced 
magnesium matrix composites. They are the metal matrix 
composites that are most likely to achieve low-cost, large-
scale commercial production at present
 [1-4]. It is difficult 
to fabricate magnesium matrix composites in which nano-
particles are used as reinforcing phases by conventional 
mechanical stirring process, but it is easy to obtain the high-
performance magnesium matrix composites in which nano-
particles are distributed homogeneously by high-energy 
ultrasound 
[5]. As expected, it is capable to further improve the 
mechanical properties of the composites by aging treatment 
that is usually a follow up process to be carried out since most 
of the alloy matrix still features the nature of light alloy, even 
after particles reinforced.
Zheng et al. 
[6] had studied the aging behavior of SiCw/AZ91 
squeeze cast magnesium matrix composites, and the results 
showed that the stability of Mg17Al12 precipitates increased 
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with the addition of fibrous SiC, and the composite exhibited 
accelerated aging but lower aging efficiency compared with the 
matrix alloy. Badini et al. 
[7] carried out an aging study on B4C/
AZ80 composites, and the results showed that the addition of 
B4C particles also accelerated aging. Zhang Xiuqing et al. 
[8] 
approached an aging process for TiC/AZ91 magnesium matrix 
composites, the results showed that aging was accelerated 
compared with the matrix alloy; few discontinuous cellular 
precipitates at the grain boundaries during aging; the 
dimension of continuous cellular precipitates was smaller than 
that of matrix in grains.
In this study, the aging behavior of the nano-SiC particles 
reinforced AZ61 magnesium matrix composites fabricated 
by ultrasonic method is investigated by means of scanning 
electron microscopy (SEM), Vickers hardness measurement 
and by using of box-type heat treatment furnace, which is 
expected to provide reliable theoretical basis for further 
improving the mechanical properties of composites.
1 Experimental methods
1 Preparation of experimental materials 
The matrix alloy for preparing the magnesium matrix composites 
is AZ61 magnesium alloy, and its chemical composition can 
be seen in Table 1. Reinforcing phase is the commercial β-SiC 
nano-particles (spherical shape, average diameter ≤100 nm), 
and its SEM micrograph is shown in Fig.1. Thus, the magnesium 
composite with 1.0wt.% nano-sized SiC was prepared.
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Table 1: Chemical composition of the tested AZ61 
magnesium alloy (wt.%)
Fig. 1: SEM micrograph of nano-SiC particles
An electric resistance heating unit was used to melt the alloy 
in a small graphite crucible with 50 mm in diameter and 50 mm 
in height. A titanium waveguide, coupled with a 20 kHz, 600 W 
high-energy ultrasonic converter (Misonix), was dipped into 
the melt for ultrasonic processing. The SiC particles in nano-
sized were added into the melt through the top of crucible during 
the process. The magnesium melt was protected by argon gas. 
One temperature probe was applied to monitor the processing 
temperature.
The temperature under the high-energy ultrasonic processing 
was controlled at about 100℃ above the alloy melting point 
(625℃). An ultrasonic power of 80 W from the converter was 
found capable to generate adequate processing function inside 
the crucible. As observed during the processing, the viscosity 
of the melts increased significantly with the increase of nano 
SiC particles in the melt.
For microstructural study, the specimens with size of 10 mm 
× 10 mm × 10 mm were taken from the as-cast matrix alloy 
and the magnesium matrix composite, then sliced, mounted, 
mechanically ground, and finally polished down to 0.05 μm. 
Specimens for SEM observation were etched with a 2.0vol.% 
solution of nitric acid in ethanol for 5 s at room temperature.
1.2 Aging
The samples were solution treated at 420℃ for 30 h in the 
SX–10–13 box-type heat treatment furnace, and then quenched 
in cold water (T4 treatment). Then, the samples were aged at 
200, 250 and 300℃, respectively for 70 h. The microstructures 
after aging were observed with FEI-QUANTA200 scanning 
electron microscopy (SEM). Hardness values of the samples 
after aging were measured with HXS-1000AK Vickers 
hardness tester, with a load 50 N and a load-holding time 15 s. 
Total of seven hardness values were achieved for each of the 
specimens, among them, the maximum and minimum ones 
being abandoned, and the average value of the five remaining 
values represents the hardness of each specimens.
2 Results
2.1 Vickers hardness after aging
The SEM morphologies and EDS spectrum of nano-SiCP AZ61 
magnesium matrix composites prepared by ultrasound can be 
seen in Figs.2 (a) and (b), respectively. The tiny nano-particles 
distributed homogeneously in the matrix alloy are as shown in 
Fig.2(a). The second-phase of SiCp/AZ61 magnesium matrix 
composites is Mg17Al12+SiC 
[12], and the Mg17Al12 precipitates 
are within the range of micron scale. It can be seen from the 
EDS spectrum in Fig.2(b) that Si and C exist in tiny particles, 
so they are SiC. Figure 3 shows the effect of aging time on the 
hardness of AZ61 alloy and SiCp/AZ61 composite at 200℃.
It can be seen from the aging-hardening curves that the two 
kinds of materials have similar aging characteristics; both of 
them experience the under aging, peak aging and over aging 
periods. The peak aging time for composite is at 25 h while 
for AZ61 matrix alloy is at 40 h, which reveals that the aging 
process of the composite is faster than that of the matrix alloy 
at 200℃. Figure 4 shows the effect of aging temperature on the 
peak aging time of AZ61 alloy and SiCp/AZ61 composite. It can 
be seen that the peak aging times of both the matrix alloy and 
the composite decrease with the increase of aging temperature. 
It indicates that the aging rates for both the two materials 
increase with the rise of aging temperature. The peak aging time 
of the composite is much shorter than that of the matrix alloy 
at each of the aging temperatures applied. Figure 5 shows the 
effect of aging temperature on peak hardness increments (ΔHV, 
compared with the peak hardness under solid-solution state) for 
SiCp/AZ61 composite and AZ61 alloy. The peak hardness values 
(a) SEM morphology of the composite; (b) EDS results of the zone in Fig.2(a)
Fig. 2: SEM morphology of nano-composite and EDS spectrum
    Al    Zn         Mn        Si       Cu         Ni         Fe         Mg
5.8-6.2    0.8-1.1    0.29      0.1     0.05      0.05     0.005      Bal.
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of SiCp/AZ61 magnesium matrix composite were increased 
by 9.4%, 14.5%, and 11% when aging at 200℃, 250℃, and 
300℃, respectively, while increased by 11.5%, 16.8%, and 14%, 
respectively for the AZ61 matrix alloy. It reveals that the aging 
effect for AZ61 matrix alloy is better than that for SiCp/AZ61 
magnesium matrix composite at the same aging temperature.
Fig. 5: Effect of aging temperature on peak hardening 
increment for SiCP/AZ61 composite and AZ61 alloy
Fig. 4: Effect of aging temperature on peak aging time 
for AZ61 alloy and SiCP/AZ61 composite
Fig. 3: Aging-hardening curves for AZ61 alloy and 
SiCP/AZ61 composite aged at 200℃
Fig. 6: Micrographs of AZ61 (a) and SiCP/AZ61 
composite (b)
grow. Discontinuous precipitates and continuous precipitates 
coexist in AZ61 alloy after aged for 40 h [Fig.7(b)]. Two kinds of 
precipitates become much coarser with the continuous increase 
of aging time [Fig.7(c)]. Figure 8 shows SEM micrographs of 
SiCp/AZ61 composite aged at 200℃ for different time. The 
pictures show that the network-like discontinuous precipitates do 
not precipitate in matrix alloy at the beginning of aging, but the 
Mg17Al12 phase precipitates scatteredly [Fig.8(a)]. The precipitates 
distribute extensively and homogeneously in the matrix alloy at 
the optimal aging time [Fig.8(b)]. They are round, have smaller 
sizes and distribute more homogeneously than those in Fig.8(a). 
With aging time further extended, the precipitates become coarse 
as shown in Fig.8(c), and have an over-aged structure.
3 Discussion
The constituent components of SiCp/AZ61 composite after 
aging are determined as α-Mg + Mg17Al12+SiC by XRD 
analysis 
[9], which shows that the precipitates of SiCp/AZ61 
composite are simple and similar to those of the conventional 
AZ61 alloy, i.e. the Mg17Al12 phase precipitates directly from 
the supersaturated solid solution. As a result, the GP zone 
(enrichment zone of solute atoms proposed by Guinier and 
Preston) and transitional phase do not present during aging. 
According to Fig.4, the peak aging time for AZ61 alloy and 
SiCp/AZ61 composite decreases with the increase of aging 
temperature, which is attributable to the increased solute 
diffusion rate with the increase of temperature. According to 
the expression of diffusion coefficient 
[10]:
  
where D is the diffusion coefficient of solute, D0 is diffusion 
constant, ΔE is diffusion activation energy for one atom, k is 
Boltzmann constant, Q is diffusion activation energy for a mole 
2.2 Microstructure observation after aging
Figures 6 (a) and (b) show the optical microscopy micrographs 
of the AZ61 and SiCp/AZ61 composite, respectively. Figures 
7(a), (b) and (c) show the SEM micrographs of AZ61 alloy 
aged at 200℃ with variable times. The results show that the 
discontinuous precipitates start to nucleate and grow preferably 
at the grain boundary and disperse as network-like at the 
beginning of aging [Fig.7(a)]. With the increase of aging time, 
the discontinuous precipitates stop growing once they reach a 
certain size, then continuous precipitates start to nucleate and 
(a)
(b)
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of atoms, R is a constant and T is diffusion temperature. For the 
same material, D0 and Q are fixed values. As D increases with 
the increase of T, so does the diffusion rate of solute Al, which is 
beneficial to the early precipitation of Mg17Al12.
Figure 4 also shows that the peak aging times of the composite 
are significantly shorter than those of the AZ61 matrix alloy 
at the corresponding aging temperatures. The possible reasons 
are the following: (1) The addition of nano-SiCp provides 
heterogeneous nuclei for the precipitation of Mg17Al12 
[11]. During 
the solidification of matrix alloy, SiC particles that can not act 
as the nucleation substrates of primary α-Mg can act as the 
heterogeneous nuclei for Mg17Al12, then the Mg17Al12 can nucleate 
and grow on the surface of SiC. (2) Once SiC particles become 
nuclei of matrix of SiCp/AZ61 composite, the SiC particles and 
the matrix can form interfaces between them 
[6], which provides 
nucleation sites for the early precipitation of Mg17Al12 and is 
beneficial to the diffusion of Al, and furthermore, accelerates the 
precipitation of Mg17Al12. (3) A large number of dislocations are 
created in the matrix with the addition of SiC particles 
[12], which 
possibly provide more sites for the nucleation of Mg17Al12 
[13-15]. The 
emergence of dislocations in matrix is due to the different thermal 
expansion coefficients between nano-SiCp particles and AZ61 (the 
thermal expansion coefficients of nano-SiCp particles and primary 
α-Mg in AZ61 are 3.7×10
-7 K
-1 and 27.3×10
-7 K
-1, respectively). 
As the difference in thermal expansion coefficient, after the 
composite is aged and cooled in air, big stress generates in the 
matrix around SiC particles, while the high density dislocation 
and dislocation tangle in these places can significantly reduce 
the stress mentioned above. In addition, the dislocations 
supply more diffusion channels for solute to diffuse, which 
accelerates the diffusion of solute. To sum up, the addition of 
SiC particles provides more nucleation sites for Mg17Al12 and 
accelerates the diffusion of solute and the precipitation process 
of Mg17Al12. So the aging rate of SiCp/AZ61 composite is faster 
than that of AZ61 at the same aging temperature.
It can be seen from Fig.6 that netlike discontinuous phase 
does not precipitate at the grain boundary of SiCp/AZ61 
composite during under aged period, but Mg17Al12 precipitates 
dispersedly from matrix. It may be caused by a small 
quantity of agglomerated SiC particles that can prevent the 
discontinuous phase from precipitating at the grain boundary 
after addition of nano-SiCp particles. The discontinuous 
phases start to germinate at the grain boundary and grow in an 
interface diffusion mechanism. Tu and Turnbull 
[16, 17] (at low 
temperature), Fournelle and Clark 
[18] (at high temperature) 
and Purdy and Lange 
[19] (at moderate temperature) 
explored the common mechanisms for the precipitation of 
discontinuous phases; they have a common characteristic 
that the discontinuous phase is generated by the movement 
of grain boundary. According to the research carried out 
by Cao et al. 
[5], when SiC particles reinforced magnesium 
matrix composites are fabricated by ultrasonic method, most 
of nano-SiCp particles are to distribute homogeneously inside 
the grains of matrix, inevitably, only a tiny quantity of them 
still agglomerate at the grain boundary. According to this 
theory, in this experiment, a few SiC particles agglomerate at 
the grain boundary of SiCp/AZ61 composite, and these SiC 
particles have a pinning effect, which prevent the movement 
of grain boundary and the precipitation of discontinuous 
phase at the grain boundary. As most of nano-SiCp particles 
distribute homogeneously inside the grains of matrix 
[5], many 
particle-matrix interfaces formed between the SiC particles 
and the matrix structure present inside the grains 
[11]. These 
high-energy SiC-matrix interfaces, with a great deal of high 
Fig. 7: SEM micrographs of AZ61 alloy aged at 200℃ for 5 h (under-aged) (a); 40 h (peak-aged) (b); 70 h (over-aged) (c)
Fig. 8: SEM micrographs of SiCp/AZ61 composite aged at 200℃ for 2 h (under-aged) (a); 25 h (peak-aged) (b); 
70 h (over-aged) (c)
(a) (b) (c)
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density dislocations, accelerate the solute diffuse to SiC-matrix 
interfaces. So the precipitates in Fig.8(a) may nucleate and 
grow at the interfaces formed by SiC particles and matrix.
The experimetal results show that the composite exhibits 
slightly lower aging efficiency than the AZ61 matrix alloy 
although the SiCp/AZ61 composite shows accelerated aging. 
This may be caused by a combination of the dimension, 
amount and distribution of the continuous precipitation. The 
relatively bigger size of the precipitates in Fig.8(b) can be 
recognized as the earlier ones that are precipitated preferably 
at the SiCp-matrix interfaces during under aged period, and 
the relatively smaller precipitates are the later ones from 
continuous precipitation that nucleate and grow in grains, 
which can explain why the precipitates at the SiCP-matrix 
interfaces precipitate much earlier than those in grains. So 
the earlier precipitates grow faster than the later precipitates 
with the increase of aging time. The continuous precipitates 
can improve the aging efficiency of magnesium alloy. During 
the aging of SiCp/AZ61 composite, a multitude of precipitates 
generate preferably at the SiCp-matrix interfaces, which causes 
the matrix to be poor in Al solute elements and significantly 
decreases the continuous precipitates in the matrix of composite. 
Thus, the dispersion level of the continuous precipitates is 
relatively lower (the spacing distance between the continuous 
precipitates is relatively larger), which can not effectively 
retard the movement of dislocations; as a result, the effect 
for dispersion strengthening is not obvious. It can be seen 
from Fig.3 that the main reason why the microhardness of the 
composite is higher than that of the matrix alloy after aging 
may be considered as a contribution from the application of the 
high-energy ultrasonic method in the fabricate process. Under 
the high-energy ultrasound the nano-SiCp particles distribute 
homogeneously in the matrix alloy, so they play a positive effect 
on dispersion strengthening and refinement. In fact, the results 
from the study indicate that the increase of microhardness of the 
composite has no direct relationship to the aging process.
4 Conclusions
(1) The peak aging time of SiCp/AZ61 composite or AZ61 
matrix alloy decreases with the increase of aging temperature, 
and it is shorter for the composite than that for the matrix alloy 
at the same aging temperature.
(2) The composite exhibits lower aging efficiency compared 
with the matrix alloy at the same temperature. 
(4) The main reason why the microhardness of the 
composite is higher than that of matrix alloy is attributable 
to the application of the high energy ultrasonic method in 
fabricating the composite, which enables to make nano-SiCp 
particles distributed homogeneously in the matrix alloy.
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